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Abstract 19 
Amphibians are proportionately over-represented in the current wave of global biodiversity 20 

loss. Disease and habitat loss are implicated in many amphibian species declines, but 21 

amphibians are also predicted to be sensitive to changes in climate, particularly changes in 22 

temperature and loss of moisture. These changes could severely impact frog use of terrestrial 23 

habitats. We used data from a long-term (2007-18) landscape-scale experiment in south-24 

eastern Australia to test the effects of terrestrial habitat characteristics and restoration 25 

treatments on frog species. We found declines in species richness and in the occurrences of 26 

two locally-common species (Limnodynastes tasmaniensis and Uperoleia laevigata). These 27 

declines were associated with high maximum temperatures, low minimum temperatures and 28 

low rainfall. Coarse woody debris addition was associated with higher species richness and L. 29 

tasmaniensis occurrence, but this effect was not greater in times of reduced rainfall and high 30 

maximum temperatures, implying a weak ‘refugia’ effect. Frogs were positively associated 31 

with wetter sites, and this association increased with higher maximum temperatures. Our 32 

findings add to a growing body of evidence that show that prolonged periods of drought pose 33 

a key threat to frog populations and that short periods of relief from drought conditions are 34 

insufficient to allow recovery of terrestrial frog populations over the long term. Restoration 35 

efforts could include the provision of coarse woody debris and should also ensure that good 36 

quality aquatic habitat, such as drought-resistant ponds and dams, are available throughout 37 

hot and dry times as a supplement to ephemeral aquatic habitat.  38 

Introduction 39 
The current human-caused global wave of biodiversity loss has led to the suggestion that we 40 

are in the midst of the sixth mass extinction event in Earth’s history (Wake and Vredenburg 41 

2008, Ceballos et al. 2015). Among those most impacted are amphibians, which are declining 42 

at an alarming rate (Stuart et al. 2004). Amphibians are impacted by several interacting and 43 

compounding factors, including disease (Scheele et al. 2019), habitat loss and fragmentation 44 
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(Cushman 2006) and may be particularly vulnerable to changes in climate (Hof et al. 2011, 45 

Miller et al. 2018). They are ectothermic, and many species have narrow climate niches 46 

(Bonetti and Wiens 2014), having low tolerances to changes in temperature and loss of 47 

moisture (Nowakowski et al. 2018). This is thought particularly the case for subtropical and 48 

tropical species, with those in temperate climes having a relatively high tolerance for changes 49 

in temperature (Duarte et al. 2012), at the expense of being more dependent on rainfall events 50 

to initiate breeding (Cohen et al. 2018). Further, amphibians are severely impacted by 51 

increased frequencies and lengths of drought (Mac Nally et al. 2014,  fsd Mac Nally et al. 52 

2017) where drying up of their aquatic breeding habitat impacts the long-term viability of the 53 

population (Rowe and Dunson 1995, Semlitsch et al. 1996, Ryan 2007).  54 

Most research on amphibian populations is based on survey data acquired from aquatic 55 

breeding habitat. Amphibian occurrences and population trends, however, are also strongly 56 

influenced by terrestrial habitat features (Denton et al. 1997, Hazell 2003, Rittenhouse and 57 

Semlitsch 2007). Terrestrial habitat is crucial for overwintering in temperate regions 58 

(Lamoureux and Madison 1999) and its quality has fundamental implications for the 59 

maintenance of populations via metapopulation dynamics (Marsh and Trenham 2001). 60 

Amphibians use terrestrial habitat for movement through the landscape, and this habitat can 61 

act as a refuge when aquatic habitat is of unusually poor quality (Hazell et al. 2001, Westgate 62 

et al. 2018). Terrestrial microhabitat is also thought to play an important role in protecting 63 

frogs, and ectotherms in general, from unusually hot or dry conditions (Scheffers et al. 2014, 64 

Sunday et al. 2014). The amount and quality of terrestrial habitat, therefore, is likely to be an 65 

important factor shaping amphibian responses to climate change (Shoo et al. 2011).  66 

Movement through terrestrial environments, including dispersal between aquatic habitats, can 67 

be physiologically challenging for amphibians. Away from water, amphibians are at risk of 68 

desiccation and the sites that they choose to occupy are likely to contain elements that reduce 69 
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this risk. This could be especially true in times when the climate is unusually dry or hot for 70 

longer periods, as is expected to occur in future due to climate change. For example, logs and 71 

other woody debris, which are known to provide refuges for amphibians (Stewart 1995, 72 

Rittenhouse et al. 2008, Indermaur and Schmidt 2011), might also aid persistence under 73 

changing climate conditions. Whether these habitat characteristics can mitigate against the 74 

negative effects of temporal climate change on amphibians, however, has rarely been tested.  75 

We used long-term data collected at the Mulligans Flat-Goorooyarroo Woodland Experiment 76 

(MFGOWE) in south-eastern Australia (Manning et al. 2011, Shorthouse et al. 2012) to test 77 

the effects of several terrestrial habitat characteristics and restoration treatments on frog 78 

species experiencing changes in climate. The MFGOWE was established to test the 79 

ecosystem effects of several restoration treatments, including coarse woody debris addition 80 

(CWD) and native vertebrate grazing reduction. As part of the MFGOWE, we monitored frog 81 

occurrences in terrestrial habitat over 12 years. We examined patterns of terrestrial habitat 82 

use by frogs through time, in response to treatments, and whether certain habitat elements are 83 

used more in times when the climate is unfavourable for frogs (e.g. in droughts). Using data 84 

collected from 2007 to 2018 during times of severe drought (before mid 2010, 2017 onwards) 85 

with temporary reprieves of wet and cooler weather (2010-2012, 2016), we asked the 86 

following questions: 87 

Q1. What are the long-term trends of terrestrial habitat use by frogs? 88 

Q2. What climatic factors are associated with these trends? 89 

Q3. Which terrestrial habitat elements influence frog responses to unfavourable weather? 90 

Methods 91 
EXPERIMENTAL DESIGN 92 
The MFGOWE comprises of two companion experiments located within the Mulligans Flat 93 

(791 ha) and Goorooyarroo (703 ha) nature reserves in south-eastern Australia (Fig. 1). The 94 
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reserves consist of yellow box (Eucalyptus melliodora) – Blakely’s red gum (Eucalyptus 95 

blakelyi) grassy woodland (hereafter referred to as box-gum grassy woodland), which is 96 

nationally listed as a ‘Critically Endangered Ecological Community’ (Department of 97 

Environment 2017). Combined, the experiments consist of 96 one-hectare sites (50 x 200 m) 98 

grouped within 24 polygons (Fig. S1). The experiments were designed to test the effects of 99 

restoration treatments such as coarse woody debris addition and reduced grazing (Table 1). 100 

Sites were also distributed across different categories of vegetation structure and cover, 101 

allowing several more environmental variables to be tested (Table 1). Sites do not overlap 102 

and are oriented to capture a range of slopes, topography and aspects. Mulligans Flat is 103 

surrounded by a fence designed to exclude feral predators such as the fox (Vulpes vulpes) and 104 

cat (Felis catus) (Shorthouse et al. 2012).  105 

FROG SURVEYS 106 
We used data on frogs collected concurrently with reptile surveys outlined in other research 107 

(Manning et al. 2013, Evans et al. 2019). Briefly, we conducted surveys in every 1 ha site 108 

twice per year (March or April) from 2007 to 2018, with the exception of 2009 when were 109 

unable to survey sites in Mulligans Flat because of wet and overcast weather. We surveyed 110 

all polygons in random order which was reversed in the second set of yearly surveys. We 111 

searched all substrates within each site carefully, including logs, rocks and bark. To reduce 112 

bias towards searching particular substrates, we allocated an equal time of 7.5 minutes search 113 

time for each 0.25 ha (50 m x 50 m) segment within each site. We assumed that detection was 114 

constant but acknowledge that perfect detection may not be possible. For example, frogs may 115 

be harder to detect during dry periods (Valenzuela-Sánchez et al. 2019).  116 

ANALYSIS 117 
Data preparation 118 
In previous research conducted at the MFGOWE, data collected in each reserve have been 119 

analysed separately (e.g. Manning et al. 2013, Evans et al. 2019). This is due to the differing 120 
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management histories and vegetation of the two reserves and because each experiment has 121 

been designed with internal validity in mind, with appropriate randomisation, replication and 122 

controls. We maintained this approach here but have also opted to provide overall effects 123 

with all the data combined into one analysis to aid in the interpretation of the results. This has 124 

resulted in three analyses per model set – one for Mulligans Flat, one for Goorooyarroo and 125 

one for them combined. Sdfad  126 

Response variables 127 
Our response variables were the occurrences of the two most common species detected in the 128 

surveys: Limnodynastes tasmaniensis and Uperoleia laevigata (Table1). For completeness 129 

and to provide an indication of other species detected, we also analysed overall species 130 

richness at the site level.  131 

Predictor variables 132 
Our predictor variables consist of variables associated with the restoration experiment, 133 

variables associated with environmental variation between the sites and variables that vary 134 

through the time of the experiment (Table 1). For further details on many of these variables, 135 

including their justifications and details on their implementations, see Shorthouse et al. 136 

(2012) and Evans et al. (2019). To enable comparisons between the effects of all the 137 

predictors, we rescaled all continuous predictor variables to have a mean of zero and a 138 

standard deviation of one. 139 

Time 140 

To determine the trends of frog richness and occupancies of species through time, we used 141 

the year of survey as a predictor variable (Table 1). 142 

Climate variables 143 

To test the effects of climate on frogs through the time of the experiment, we calculated three 144 

climate variables: mean maximum temperature, mean minimum temperature and mean daily 145 



Frog terrestrial habitat in climate change 

rainfall for the four months preceding the survey period each year (Table 1). We calculated 146 

each variable by using estimated means from linear models of daily observations collected at 147 

local weather stations downloaded from the Australian Bureau of Meteorology website 148 

(Bureau of Meteorology 2019). We modelled these daily observations against year factors 149 

(e.g. daily rainfall ~ year as a factor). For this analysis, we used rainfall observations for 150 

January until April and year-round observations of temperature. This gave us one value per 151 

year for each variable.    152 

Coarse woody debris addition 153 

The first of the restoration experiment variables is the addition of coarse woody debris 154 

(CWD) to 72 of the sites. In October 2007, a total of 2000 tonnes of CWD was added to the 155 

sites in three configurations: 20 tonnes per site in a dispersed arrangement, 20 tonnes per site 156 

in a clumped arrangement, and 40 tonnes in a combined arrangement of both dispersed and 157 

clumped CWD. These categories of additions were arranged so that each polygon had sites 158 

with all three categories plus a site with no added CWD which acted as a control. Frog 159 

surveys in 2007 were conducted before the addition of CWD, therefore, for the purposes of 160 

the analyses we coded all sites as ‘control’ in this year.  161 

Grazing reduction 162 

To test the effects of grazing pressure reduction, kangaroo exclusion treatments were applied 163 

to half of the polygons in Goorooyarroo in 2007 and half of the polygons in Mulligans Flat in 164 

early 2010 (Fig. 1c). The exclusion fences were designed to reduce the grazing pressure from 165 

the eastern grey kangaroo (Macropus giganteus), the dominant large native herbivore in the 166 

reserves. The grazing treatments should be considered as two levels (‘low’ and ‘high’), owing 167 

to the fact that we were unable to completely exclude all kangaroos from within the 168 

exclosures. We classified all sites prior to the implementation of the treatment as ‘high’ 169 

grazing.  170 
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Vegetation class 171 

Polygons within the experiments were classified into four broad vegetation structural classes 172 

reflecting their vegetation densities (Table 1). These include High Tree Cover with High 173 

Shrub Cover (HTHS), High Tree Cover with Low Shrub Cover (HTLS), Low Tree Cover 174 

with High Shrub Cover (LTHS) and Low Tree Cover with Low Shrub Cover (LTLS). The 175 

number of polygons assigned to HTHS, HTLS, LTHS and LTLS is 4, 3, 0, 5 and 4, 1, 5, 2 in 176 

Goorooyarroo and Mulligans Flat, respectively (Table S1).  177 

Distance to water 178 

Mulligans Flat and Goorooyarroo both contain several permanent water bodies, most of 179 

which are artificial dams. Many frog species in the reserves are known to use these as 180 

breeding sites. To determine whether distance to permanent water affected site occupancy, 181 

we measured the distance in metres from the centre of each site to the edge of the nearest 182 

permanent water body using ArcGIS.  183 

Wetness 184 

To test whether moisture affects frog occurrence, we calculated two metrics of wetness for 185 

each site: site wetness and surrounding wetness (Table 1). The site metric of wetness was 186 

designed to test the effects of site wetness as a refuge for frogs, whereas the surrounding 187 

wetness was designed to test whether increased moisture in the surrounding landscape is 188 

associated with frog occupancy. We quantified wetness using the topographical wetness 189 

index (TWI) derived from a digital elevation model (DEM) of the experimental area. We 190 

calculated the TWI following Beven and Kirkby (1979):  191 

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑙𝑙𝑙𝑙 � 𝐴𝐴𝑠𝑠
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

�        (1) 192 
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Where β represents slope angle in radians and As is the specific catchment area (m2 m-1). 193 

Specific catchment area was calculated using methods described by Gallant and Hutchinson 194 

(2011) as the upslope contributing area (A, m2) per unit contour length (w, m): 195 

𝐴𝐴𝑠𝑠 =
A

𝑤𝑤
         (2) 196 

We derived A using the M8 multiple flow direction router tool available in the Python-based 197 

Landlab landscape modelling package (Hobley et al. 2017) and w was given by: 198 

𝑤𝑤 = �
𝑅𝑅, 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

√2 .𝑅𝑅, 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑       (3) 199 

Where R is the working grid cell resolution (1 m). Prior to routing flow, the DEM was filled 200 

using the Priority-Flood depression filling algorithm (Barnes et al. 2014) implemented in the 201 

Landlab modelling package. The M8 method was preferred over a steepest downhill direction 202 

method (e.g. D8) to better represent the dispersive nature of flow on hillslopes and in flatter 203 

areas where a D8 algorithm can produce unrealistic concentrated flow lines (Desmet and 204 

Govers 1996, Seibert and McGlynn 2007). 205 

From TWI, we calculated mean values of TWI for each 1 ha site and mean values of TWI for 206 

an area of 200 metres radius surrounding the site as indicator of site wetness and surrounding 207 

wetness, respectively using ArcGIS. 208 

Research Questions. 209 
 210 

Q1. What are the long-term trends of terrestrial habitat use by frogs? 211 

To test the trends of frog terrestrial habitat use (frog richness and the two frog species 212 

occurrences) through the time of the experiment, we fitted both generalised additive mixed 213 

models (GAMMs) and generalist linear mixed models (GLMMs) using year as our predictor 214 

variable. We used GLMMs to examine the linear trend over the time of the experiment 215 

(decline, increase, no change). We used the GAMMs to examine any non-linear trends over 216 
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time, such as declines in periods of drought. To account for spatial and temporal correlation, 217 

we used site number nested within polygon as a random intercept factor (~ polygon/site). We 218 

assumed a Poisson error distribution with a log link for species richness, checking for 219 

overdispersion, and a binomial error distribution with a logit link for the individual species 220 

occurrence response variables. 221 

Q2. What climatic factors are associated with these trends? 222 

To test which factors were driving the trends shown in answering Question 1, we fitted a 223 

series of GLMMs of our response variables fitted to several predictor variables that vary 224 

through time, including maximum temperature, minimum temperate, rainfall and survey year. 225 

We fitted all subsets of the full model and performed model averaging on all models below 226 

ΔAICc=5 (Burnham and Anderson 2002, Anderson 2007). For each predictor variable, we 227 

then calculated the mean estimates and 95% confidence intervals for this subset of models. 228 

We interpreted variables as significant if their 95% confidence intervals did not cross the 229 

zero-effect line (du Prel et al. 2009, Welsh 2011). To account for spatial and temporal 230 

correlation, we used the same random effects described in Question 1, apart from when we 231 

combined the data from both experiments, where we used site nested within polygon nested 232 

within experiment as random effects (~ experiment/polygon/site). If any of the variables 233 

outcompeted the time variable, or reduced it to non-significance, we interpreted them as the 234 

factors behind any linear temporal trend.  235 

Q3. Which terrestrial habitat elements influence frog responses to unfavourable weather? 236 

To test whether frogs use certain terrestrial features more when the climate is hostile (as 237 

demonstrated in Question 1), we fitted GLMMs of the identified factors in Question 2 as 238 

variables interacting with habitat components against our response variables. We conducted 239 

the same model averaging procedure as used in Question 2 for five categories of habitat 240 

features: CWD addition, grazing reduction, distance to water, site wetness (including both 241 
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site and surrounding wetness variables) and vegetation class. For example, if we found that 242 

maximum temperature was associated (Question 2) with declines (Question 1), we fitted the 243 

following five sets of models: 244 

response ~ time*maximum temperature + maximum temperature*CWD addition 245 
 246 

response ~ time*grazing reduction + maximum temperature*grazing reduction 247 
 248 
response ~ time*distance to water + maximum temperature*distance to water 249 
 250 
response ~ time*site wetness + time*surrounding wetness +  251 

maximum temperature*site wetness +  252 
maximum temperature*surrounding wetness 253 
 254 

response ~ time*veg class + maximum temperature*veg class 255 
 256 

where an asterisk denotes the main effects plus the interaction (i.e. a*b = a+b+a:b). As with 257 

Question 2, we fitted all subsets of the full models listed above and performed model 258 

averaging on all models below ΔAICc=5, calculating the mean estimates and 95% confidence 259 

intervals for these subsets of models. To account for spatial and temporal correlation, we used 260 

the same random effects described in Question 2. We used interactive effects here to test 261 

whether there were differential effects of habitat components to changes in the mechanisms 262 

discovered in Question 2. For example, we may discover that as temperature increases, frogs 263 

are more likely to use CWD. This would be represented by a positive interactive effect of 264 

maximum temperature and CWD addition.  265 

We used the ‘lme4’ (Bates et al. 2016), ‘gamm4’ (Wood 2017), ‘RVAideMemoire’ (Hervé 266 

2019), ‘plyr’ (Wickham 2011), ‘gtools’ (Warnes et al. 2018), ‘forcats’ (Wickham 2018), 267 

‘MuMIn’ (Barton 2016), ‘AICcmodavg’ (Mazerolle 2019), ‘ggplot2’ (Wickham 2009), and 268 

‘ggpubr’ (Kassambara 2018) packages in R version 3.5.1. (R Core Team 2017) for all 269 

analyses and plotting. 270 
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Results 271 
Over the time of the experiment we observed frogs 732 and 327 times in Mulligans Flat and 272 

Goorooyarroo respectively (Table 2). The most common species were Limnodynastes 273 

tasmaniensis and Uperoleia laevigata, with fewer occurrences of Crinia signifera, Litoria 274 

peronii, Crinia parinsignifera, Litoria verreauxii and Limnodynastes peronii (occurring only 275 

once).  276 

Q1. What are the long-term trends of terrestrial habitat use by frogs? 277 

Frog species richness showed a general decline in terrestrial habitat use in both reserves over 278 

the time of the experiment (Fig. 2). The GAMMs show similar trends in both reserves, with 279 

large increases in richness around 2010-2012 followed by a decline to 2018. There wasa 280 

smaller increase in richness in 2014 in Mulligans Flat. The occurrences of both L. 281 

tasmaniensis and U. laevigata showed similar trends to species richness, apart from 282 

demonstrating no linear trend for L. tasmaniensis in Goorooyarroo.  283 

Q2. What climatic factors are associated with these trends? 284 

Several factors were associated with declines in frog richness and occurrences, but none 285 

completely explained the linear declines over time described above (Fig. 3). Increased frog 286 

species richness was associated with lower maximum temperatures, higher minimum 287 

temperatures and increased rainfall. In other words, hotter maximum temperatures, colder 288 

minimum temperatures and decreased rainfall (conditions which characterize drought periods 289 

in our study region) all contributed to frog declines. Species richness in both reserves 290 

combined, however, was shown to decline even when maximum temperature, minimum 291 

temperature and rainfall were accounted for. Patterns of occurrences for L. tasmaniensis and 292 

U. laevigata were similar to those of species richness, with the exception that maximum 293 

temperature did not explain occurrences of L. tasmaniensis.  294 



Frog terrestrial habitat in climate change 

Q3. Which terrestrial habitat elements influence frog responses to unfavourable weather? 295 

Coarse woody debris addition 296 
Whilst species richness and occurrences of L. tasmaniensis increased in all CWD addition 297 

treatments (Fig. 4), there were no significant interactive effects of CWD addition and any of 298 

the climate variables or time. The interactions of CWD addition and maximum temperature 299 

appeared in the highest-ranked models for U. laevigata occurrence, but their confident 300 

intervals overlapped zero (Fig. S2). The interactions of CWD addition and minimum 301 

temperature appeared in the highest-ranked models for L. tasmaniensis occurrence in 302 

Mulligans Flat, but their effect sizes were not significant (Fig. S3). These patterns indicate 303 

that although frogs were associated with CWD, they did not use them more when the climate 304 

was hostile.  305 

Grazing reduction 306 
Reduced grazing showed interactive effects over time for species richness and U. laevigata 307 

(Fig. 5). More specifically, grazing reduction resulted in an increase in species richness and 308 

U. laevigata occurrence, but only in the earlier years (Fig. 5A and 5B). In Mulligans Flat 309 

only, species richness increased in sites of reduced grazing when the maximum temperature 310 

was higher (Fig. 5C).  311 

Vegetation 312 
Sites with high tree and low shrub cover had lower decreases in species richness in both 313 

reserves when maximum temperatures were high (Fig. 6A). L. tasmaniensis occurrences 314 

showed a similar pattern in Mulligans Flat with increases in occurrences in high tree, low 315 

shrub sites as maximum temperatures increased whilst other sites simultaneously 316 

demonstrated decreases as maximum temperatures increased (Fig. 6B).  317 

Distance to water 318 
Species richness and L. tasmaniensis occurrence were lower in sites further away from 319 

permanent water bodies, but these effects were only significant when using Mulligans Flat 320 
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and Goorooyarroo data combined (Fig. 7). U. laevigata occurrence showed an interactive 321 

negative effect with distance to water and maximum temperature, but only in Mulligans Flat 322 

(Fig. S5). 323 

Wetness 324 
L. tasmaniensis demonstrated a reduction in occurrence in wetter sites as time increased (Fig. 325 

8A). An increase in site wetness resulted in an increase in species richness, which increased 326 

as maximum temperature increased, as shown by the interactive effect (Fig. 8B). Site wetness 327 

also increased U. laevigata occurrence, but only when the maximum temperature was high 328 

(Fig. 8C). Surrounding wetness had very few significant effects apart from an increase in L. 329 

tasmaniensis occurrences in sites with wetter surrounds when the maximum temperature 330 

increased.  331 

Discussion 332 
From 2007 to 2018, the occurrence of frogs in terrestrial habitat in our box-gum grassy 333 

woodland experiment declined. While caution is needed in linking declines in occurrences in 334 

terrestrial habitat to absolute population numbers in the landscape, our findings are 335 

concerning. If we assume that frogs need terrestrial habitat for persistence (i.e. for migration, 336 

metapopulation persistence, refuges), then reduced occurrences might indicate that frog 337 

populations are in decline. They might also indicate, however, that frogs have moved to 338 

alternative habitat such as a permanent water source. The declines were associated with 339 

unfavourable climate conditions, including higher daily maximum temperatures, lower daily 340 

minimum temperatures and decreased rainfall. Furthermore, negative responses to decreased 341 

rainfall and increased temperature do not seem to be mitigated by restoration efforts such as 342 

CWD addition and reduced grazing – i.e. frogs do not use these habitat elements more when 343 

the climate is more hostile.  344 
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THE IMPACTS OF A CHANGING CLIMATE 345 
Reductions in frog occurrences in our study were associated with increased maximum 346 

temperatures, decreased minimum temperatures and reduced rainfall. When frogs are away 347 

from their aquatic habitat, they are at considerable risk of desiccation (Tracy et al. 2010), so it 348 

is expected that their movement through the landscape, and hence terrestrial habitat use, 349 

increases under moister conditions. Our finding that frogs were associated with wetter sites 350 

during high maximum temperatures is also consistent with this, suggesting that the frogs seek 351 

moisture during hot spells, possibly even switching to wetter microhabitats as temperatures 352 

rise. As a result of climate change, southern Australia is expected to experience increases in 353 

average temperatures, more hot days, decreases in rainfall and increases in the intensity and 354 

frequency of extreme weather events, such as droughts (Suppiah et al. 2007, Prudhomme et 355 

al. 2014, CSIRO and Bureau of Meteorology 2019). Our results suggest that within a given 356 

landscape, sites with more moisture will become crucial for the survival of frogs in the future, 357 

potentially acting as refuges.  358 

The long-term trends we report are consistent with other research in south-eastern Australia. 359 

Prolonged droughts have severe impacts on the distribution (Mac Nally et al. 2009), 360 

abundances, occurrences and breeding of frogs (Cayuela et al. 2016, Mac Nally et al. 2017). 361 

Our results also concur with evidence suggesting that temporary reprieves from dry and hot 362 

weather provided by short periods of wet weather (3-9 months) are insufficient to allow 363 

recovery of frog populations over the long term (Mac Nally et al. 2014, Mac Nally et al. 364 

2017). We speculate that the key negative impact of drought is through increased 365 

temperatures and decreased rainfall resulting in premature drying up of aquatic habitat such 366 

as ponds, especially over successive years. This can lead to tadpole mortality and reduced 367 

metamorphic success which impacts frog recruitment and the long-term viability of the 368 

population (Rowe and Dunson 1995, Semlitsch et al. 1996, Ryan 2007, Stevens and Baguette 369 
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2008). Reduced recruitment is particularly important in species impacted by 370 

chytridiomycosis, which in some cases are highly dependent on recruitment to offset elevated 371 

rates of adult mortality (Scheele et al. 2016). Additionally, adult mortality in terrestrial 372 

environments is likely to increase under periods of extreme drought stress and high 373 

temperatures. Our results, alongside other research from southern Australia indicates that 374 

drought-associated declines are occurring in common, generalist frog species (Mac Nally et 375 

al. 2014, Mac Nally et al. 2017), as well as specialist species with small ranges (Scheele et al. 376 

2012). Therefore, we predict that populations of many species will likely continue to decline, 377 

and frogs will contract to shrinking refugia in mesic parts of the landscape.  378 

RESTORATION TREATMENTS 379 
Our results suggest that, although frogs might use some of the terrestrial habitat features used 380 

for restoration, they do not increase their use when under pressure from extreme climatic 381 

conditions. Frogs, however, were positively associated with the CWD addition treatments 382 

suggesting that CWD offers critical terrestrial refuges in all weather conditions. This patterns 383 

concurs with findings from North America, where CWD was shown to reduce desiccation 384 

risk in clear-cut forests for three species of frogs (Rittenhouse et al. 2008). Further, findings 385 

from elsewhere in southern Australia suggest that L. tasmaniensis use logs as refuges 386 

(Pulsford et al. 2018). This species showed no response to increased maximum temperatures 387 

in our study, possibly indicating that its use of log habitat meant that it was less vulnerable to 388 

such increases. There was no indication, however, that frogs in our study used CWD more 389 

frequently as a refuge when temperatures were higher, or when rainfall was lower. This 390 

suggests that CWD addition, whilst providing habitat for species, may not help buffer against 391 

the negative effects of future climate change.  392 

Frogs richness and U. laevigata demonstrated positive responses to reduced kangaroo 393 

grazing, but only in the early years of the study. Concurrently, frog richness increased in 394 
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areas with reduced grazing when the maximum temperature was higher, but only in 395 

Mulligans Flat. These patterns might reveal that the increased vegetation structure resulting 396 

from reduced grazing helps movement and that this is especially true in times of hot weather. 397 

These results, however, do not entirely dovetail with other evidence on these species. For 398 

example, Pulsford et al. (2019) demonstrated that frogs, including L. tasmaniensis, were 399 

associated with taller ground cover in remnant vegetation but not in grazed paddocks (which 400 

have a very simple ground layer). They attributed this to greater predation risk in remnants 401 

than in grazed paddocks. Pulsford et al. (2018) also showed that U. laevigata was more likely 402 

to move through native vegetation remnants than agriculturally grazed paddocks. Our results, 403 

on the other hand, also showed positive associations with low tree and high shrub sites when 404 

compared with high tree and high shrub sites. One interpretation is that frogs increase their 405 

use of areas with vegetation structure that provides cool conditions during hot weather but 406 

prefer ground-layer habitat that allows them to move through landscapes freely.  407 

IMPLICATIONS FOR RESTORATION AND THE MANAGEMENT OF FROGS 408 
The declines in habitat use we have identified add to concerns regarding the future of frogs 409 

under a changing climate. Our results suggest that attempts to provide terrestrial habitat 410 

restoration do not provide habitat for frogs in the landscape that buffers against the negative 411 

effects of drought. This is concerning given that existing research demonstrates that dry 412 

periods are often associated with population declines, likely driven by a limited tolerance to 413 

desiccation and the reliance on water for the survival of larvae and increased success of 414 

reproduction (Banks et al. 1994, Ficetola and Maiorano 2016). The finding that frogs use 415 

CWD in all periods of weather, however, does offer some indication that this terrestrial 416 

feature increases frog occupancy in general. Provision of CWD, therefore, as with reptiles 417 

(Evans et al. 2019), might boost population numbers in general and be of benefit to terrestrial 418 

frog species over the long term.  419 
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If frogs avoid terrestrial habitat in times of hot and dry weather, as our results suggest, then 420 

restoration efforts need to ensure that good quality aquatic habitat is provided throughout hot 421 

and dry times. This might be achieved with techniques such as drought resistant ponds and 422 

dams, and could be supplemented with the provision of wetter areas in terrestrial habitat 423 

(Shoo et al. 2011). We express caution, however - it is not appropriate to replace all 424 

ephemeral aquatic habitat with permanent aquatic habitat. Altering pond hydroperiods might 425 

make habitat unsuitable for some species of frogs, or conversely more suitable for others 426 

(Wellborn et al. 1996). For example, permanent water sources that are colonised by fish can 427 

result in reduced recruitment or wetland avoidance, potentially driving population declines 428 

(Werner and McPeek 1994). If aquatic habitat management is an option, an appropriate goal 429 

is to ensure the availability of a diversity of pond hydroperiods across the landscape, with 430 

suitable intervening terrestrial habitat to facilitate dispersal (Petranka and Holbrook 2006).  431 

Further research is needed to determine whether the patterns of decline in terrestrial habitat 432 

use we report reflect the absolute population abundance of frogs in the area. It is possible that 433 

the declines we document are not a true reflection of frog abundances. Instead, they may 434 

result from a reduced likelihood of observing frogs, i.e. our detections could be confounded 435 

with climate conditions. For example, in times of unusual heat or desiccation stress, frogs 436 

may retreat to areas outside of the study sites such as water bodies that maintain some water, 437 

or in places where they are more difficult to detect such as deep in soil. However, we note 438 

that Westgate et al. (2015) reported declines of L. tasmaniensis and U. laevigata from rural 439 

areas and areas with low tree cover during the period 2002 to 2014 based on aquatic habitat 440 

surveys during the breeding season.  441 

Despite uncertainty on whether the declines we report reflect population-level declines, our 442 

results should be of concern. The species in our study have previously been considered 443 

robust, being both apparently resistant to chytrid fungus, which is now endemic in our study 444 
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region (Scheele et al. 2017), and able to persist in heavily modified urban and agricultural 445 

landscapes (Westgate et al. 2015). Yet their occupancy in terrestrial habitat changed 446 

considerably over 11 years. This could mean that these species are either in decline or have 447 

drastically changed the way that they use terrestrial habitat. Studies that monitor frogs in both 448 

terrestrial and aquatic habitats would help determine whether frogs have declined in absolute 449 

terms and would also provide crucial information of how frogs use the landscape in times of 450 

stress. This information will be of critical value in mitigating against the potential devastating 451 

impacts of climate change on frogs in south-eastern Australia and globally. 452 

Acknowledgements 453 
We thank Laura Rayner, Helen Crisp, Daniel Iglesias, Stuart Jeffress, Margaret Kitchin, 454 

Annie Lane, Sharon Lane, John Lawler, Nicki Munro, Sarah Sharp, David Shorthouse, Peter 455 

Mills, Dave Whitfield, and Grant Woodbridge for their support and involvement with the 456 

project; Steve Holliday and the many other surveyors who have assisted with surveys since 457 

2007; Steve Holliday and Chris Davey for assistance with distributing the CWD in 2007; 458 

Sam Banks, Ross Cunningham, Saul Cunningham, Murray Evans, Don Fletcher, Iain 459 

Gordon, David Lindenmayer, Sue McIntyre, David Shorthouse and Jeff Wood for providing 460 

advice to the overall project; Wade Blanchard, Ross Cunningham and Jeff Wood for 461 

statistical advice; Ross Cunningham and Jeff Wood for collaboration on the experimental 462 

framework design; all the ACT Government staff that have assisted in all aspects of this 463 

project. Special thanks to Peter Mills, and Grant Woodbridge for assistance in implementing 464 

all the experimental treatments. Faunal surveys were covered by ANU ethics Protocols 465 

C.RE.44.05, C.RE.59.09, F.ES.10.10, A2011/017, A2014/35 and A2017/33; and ACT project 466 

licenses LT2005201, LT2007279, LT2009347, LT2010417, LT2014769, LT2015834 and 467 

LT2016905. Funding and in-kind logistic support for this project was provided by the ACT 468 

Government as part of an Australian Research Council Linkage Grant (LP0561817; 469 



Frog terrestrial habitat in climate change 

LP110100126, LP140100209). ADM. was supported by an Australian Research Council 470 

Future Fellowship for part of the study (FT100100358). MY was funded by the ANU 471 

Strategic Research Fund. MJE. was partly funded by the Japan Society for the Promotion of 472 

Science (JSPS). 473 

Author contributions 474 
MJE and ADM designed the methodology, MJE performed the analysis, conceived the ideas 475 

and led the writing of the manuscript; JSN, LR and MY collected the data and conceived the 476 

ideas; ADM leads the Mulligans Flat – Goorooyarroo Woodland Experiment and designed 477 

the overall experimental framework in collaboration with Ross Cunningham, Jeff Wood and 478 

David Lindenmayer (see Acknowledgements). ADM also collected the data and conceived 479 

the ideas. All authors contributed critically to the drafts and gave final approval for 480 

publication. 481 

Ethics statement 482 
All surveys were approved by ANU ethics.  483 

  484 



Frog terrestrial habitat in climate change 

References 485 
Anderson, D. R. 2007. Model based inference in the life sciences: a primer on evidence. 486 

Springer Science & Business Media. 487 

Banks, B., T. J. Beebee, and A. S. Cooke. 1994. Conservation of the natterjack toad Bufo 488 

calamita in Britain over the period 1970–1990 in relation to site protection and other 489 

factors. Biological Conservation 67:111-118. 490 

Barnes, R., C. Lehman, and D. Mulla. 2014. Priority-flood: An optimal depression-filling and 491 

watershed-labeling algorithm for digital elevation models. Computers & Geosciences 492 

62:117-127. 493 

Barton, K. 2016. MuMIn: Multi-model inference. 494 

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2016. lme4: Linear mixed-effects models 495 

using Eigen and S4. 496 

Beven, K. J., and M. J. Kirkby. 1979. A physically based, variable contributing area model of 497 

basin hydrology/Un modèle à base physique de zone d'appel variable de l'hydrologie 498 

du bassin versant. Hydrological Sciences Journal 24:43-69. 499 

Bonetti, M. F., and J. J. Wiens. 2014. Evolution of climatic niche specialization: a 500 

phylogenetic analysis in amphibians. Proceedings of the Royal Society B: Biological 501 

Sciences 281:20133229. 502 

Bureau of Meteorology. 2019. Australian Government Bureau of Meteorology. 503 

Burnham, K. P., and D. Anderson. 2002. Model selection and multimodel inference: a 504 

practical information-theoretic approach. Springer-Verlag, New York. 505 

Cayuela, H., D. Arsovski, E. Bonnaire, R. Duguet, P. Joly, and A. Besnard. 2016. The impact 506 

of severe drought on survival, fecundity, and population persistence in an endangered 507 

amphibian. Ecosphere 7:e01246. 508 



Frog terrestrial habitat in climate change 

Ceballos, G., P. R. Ehrlich, A. D. Barnosky, A. García, R. M. Pringle, and T. M. Palmer. 509 

2015. Accelerated modern human–induced species losses: Entering the sixth mass 510 

extinction. Science Advances 1. 511 

Cohen, J. M., M. J. Lajeunesse, and J. R. Rohr. 2018. A global synthesis of animal 512 

phenological responses to climate change. Nature Climate Change 8:224-228. 513 

CSIRO and Bureau of Meteorology. 2019. Climate Change in Australia website 514 

(http://www.climatechangeinaustralia.gov.au/). 515 

Cushman, S. A. 2006. Effects of habitat loss and fragmentation on amphibians: a review and 516 

prospectus. Biological Conservation 128:231-240. 517 

Denton, J. S., S. P. Hitchings, T. J. Beebee, and A. Gent. 1997. A recovery program for the 518 

natterjack toad (Bufo calamita) in Britain. Conservation Biology 11:1329-1338. 519 

Department of Environment. 2017. White Box-Yellow Box-Blakely's Red Gum Grassy 520 

Woodland and Derived Native Grassland in Community and Species Profile and 521 

Threats Database. Canberra. 522 

Desmet, P., and G. Govers. 1996. Comparison of routing algorithms for digital elevation 523 

models and their implications for predicting ephemeral gullies. International Journal 524 

of Geographical Information Science 10:311-331. 525 

du Prel, J.-B., G. Hommel, B. Röhrig, and M. Blettner. 2009. Confidence interval or p-526 

value?: part 4 of a series on evaluation of scientific publications. Deutsches Ärzteblatt 527 

International 106:335. 528 

Duarte, H., M. Tejedo, M. Katzenberger, F. Marangoni, D. Baldo, J. F. Beltrán, D. A. Martí, 529 

A. Richter‐Boix, and A. Gonzalez‐Voyer. 2012. Can amphibians take the heat? 530 

Vulnerability to climate warming in subtropical and temperate larval amphibian 531 

communities. Global Change Biology 18:412-421. 532 

http://www.climatechangeinaustralia.gov.au/


Frog terrestrial habitat in climate change 

Evans, M. J., J. S. Newport, and A. D. Manning. 2019. A long-term experiment reveals 533 

strategies for the ecological restoration of reptiles in scattered tree landscapes. 534 

Biodiversity and Conservation:1-19. 535 

Ficetola, G. F., and L. Maiorano. 2016. Contrasting effects of temperature and precipitation 536 

change on amphibian phenology, abundance and performance. Oecologia 181:683-537 

693. 538 

Gallant, J. C., and M. F. Hutchinson. 2011. A differential equation for specific catchment 539 

area. Water Resources Research 47. 540 

Hazell, D. 2003. Frog ecology in modified Australian landscapes: a review. Wildlife 541 

Research 30:193-205. 542 

Hazell, D., R. Cunnningham, D. Lindenmayer, B. Mackey, and W. Osborne. 2001. Use of 543 

farm dams as frog habitat in an Australian agricultural landscape: factors affecting 544 

species richness and distribution. Biological Conservation 102:155-169. 545 

Hervé, M. 2019. RVAideMemoire: Testing and Plotting Procedures for Biostatistics. R 546 

package version 0.9-73. https://CRAN.R-project.org/package=RVAideMemoire. 547 

Hobley, D. E., J. M. Adams, S. S. Nudurupati, E. W. Hutton, N. M. Gasparini, E. 548 

Istanbulluoglu, and G. E. Tucker. 2017. Creative computing with Landlab: an open-549 

source toolkit for building, coupling, and exploring two-dimensional numerical 550 

models of Earth-surface dynamics. Earth Surface Dynamics 5:21. 551 

Hof, C., M. B. Araújo, W. Jetz, and C. Rahbek. 2011. Additive threats from pathogens, 552 

climate and land-use change for global amphibian diversity. Nature 480:516. 553 

Indermaur, L., and B. R. Schmidt. 2011. Quantitative recommendations for amphibian 554 

terrestrial habitat conservation derived from habitat selection behavior. Ecological 555 

Applications 21:2548-2554. 556 

https://cran.r-project.org/package=RVAideMemoire


Frog terrestrial habitat in climate change 

Kassambara, A. 2018. ggpubr: 'ggplot2' Based Publication Ready Plots. R package version 557 

0.2. 558 

Lamoureux, V. S., and D. M. Madison. 1999. Overwintering habitats of radio-implanted 559 

green frogs, Rana clamitans. Journal of Herpetology:430-435. 560 

Mac Nally, R., G. Horrocks, H. Lada, P. S. Lake, J. R. Thomson, and A. C. Taylor. 2009. 561 

Distribution of anuran amphibians in massively altered landscapes in south‐eastern 562 

Australia: effects of climate change in an aridifying region. Global Ecology and 563 

Biogeography 18:575-585. 564 

Mac Nally, R., G. F. Horrocks, and H. Lada. 2017. Anuran responses to pressures from high-565 

amplitude drought–flood–drought sequences under climate change. Climatic Change 566 

141:243-257. 567 

Mac Nally, R., S. Nerenberg, J. R. Thomson, H. Lada, and R. H. Clarke. 2014. Do frogs 568 

bounce, and if so, by how much? Responses to the ‘Big Wet’following the ‘Big 569 

Dry’in south‐eastern Australia. Global Ecology and Biogeography 23:223-234. 570 

Manning, A. D., R. B. Cunningham, and D. B. Lindenmayer. 2013. Bringing forward the 571 

benefits of coarse woody debris in ecosystem recovery under different levels of 572 

grazing and vegetation density. Biological Conservation 157:204-214. 573 

Manning, A. D., J. Wood, R. B. Cunningham, S. McIntyre, D. J. Shorthouse, I. J. Gordon, 574 

and D. B. Lindenmayer. 2011. Integrating research and restoration: a long-term 575 

experiment in south-eastern Australia. Australian Zoologist 35:663-648. 576 

Marsh, D. M., and P. C. Trenham. 2001. Metapopulation dynamics and amphibian 577 

conservation. Conservation Biology 15:40-49. 578 

Mazerolle, M. J. 2019. AICcmodavg: Model selection and multimodel inference based on 579 

(Q)AIC(c). R package. 580 



Frog terrestrial habitat in climate change 

Miller, D. A., E. H. C. Grant, E. Muths, S. M. Amburgey, M. J. Adams, M. B. Joseph, J. H. 581 

Waddle, P. T. Johnson, M. E. Ryan, and B. R. Schmidt. 2018. Quantifying climate 582 

sensitivity and climate-driven change in North American amphibian communities. 583 

Nature communications 9:1-15. 584 

Nowakowski, A. J., J. I. Watling, M. E. Thompson, G. A. Brusch IV, A. Catenazzi, S. M. 585 

Whitfield, D. J. Kurz, Á. Suárez‐Mayorga, A. Aponte‐Gutiérrez, and M. A. Donnelly. 586 

2018. Thermal biology mediates responses of amphibians and reptiles to habitat 587 

modification. Ecology Letters 21:345-355. 588 

Petranka, J. W., and C. T. Holbrook. 2006. Wetland restoration for amphibians: should local 589 

sites be designed to support metapopulations or patchy populations? Restoration 590 

Ecology 14:404-411. 591 

Prudhomme, C., I. Giuntoli, E. L. Robinson, D. B. Clark, N. W. Arnell, R. Dankers, B. M. 592 

Fekete, W. Franssen, D. Gerten, and S. N. Gosling. 2014. Hydrological droughts in 593 

the 21st century, hotspots and uncertainties from a global multimodel ensemble 594 

experiment. Proceedings of the National Academy of Sciences 111:3262-3267. 595 

Pulsford, S. A., P. S. Barton, D. A. Driscoll, G. M. Kay, and D. B. Lindenmayer. 2018. 596 

Reptiles and frogs use most land cover types as habitat in a fine‐grained agricultural 597 

landscape. Austral Ecology 43:502-513. 598 

Pulsford, S. A., P. S. Barton, D. A. Driscoll, and D. B. Lindenmayer. 2019. Interactive effects 599 

of land use, grazing and environment on frogs in an agricultural landscape. 600 

Agriculture, Ecosystems & Environment 281:25-34. 601 

R Core Team. 2017. R: A language and environment for statistical computing. R Foundation 602 

for Statistical Computing, Vienna, Austria. 603 

Rittenhouse, T., and R. D. Semlitsch. 2007. Distribution of amphibians in terrestrial habitat 604 

surrounding wetlands. Wetlands 27:153-161. 605 



Frog terrestrial habitat in climate change 

Rittenhouse, T. A., E. B. Harper, L. R. Rehard, and R. D. Semlitsch. 2008. The role of 606 

microhabitats in the desiccation and survival of anurans in recently harvested oak–607 

hickory forest. Copeia 2008:807-814. 608 

Rowe, C. L., and W. A. Dunson. 1995. Impacts of hydroperiod on growth and survival of 609 

larval amphibians in temporary ponds of central Pennsylvania, USA. Oecologia 610 

102:397-403. 611 

Ryan, T. J. 2007. Hydroperiod and metamorphosis in small-mouthed salamanders 612 

(Ambystoma texanum). Northeastern Naturalist 14:619-629. 613 

Scheele, B., D. Driscoll, J. Fischer, and D. Hunter. 2012. Decline of an endangered 614 

amphibian during an extreme climatic event. Ecosphere 3:1-15. 615 

Scheele, B. C., D. A. Hunter, S. C. Banks, J. C. Pierson, L. F. Skerratt, R. Webb, and D. A. 616 

Driscoll. 2016. High adult mortality in disease‐challenged frog populations increases 617 

vulnerability to drought. Journal of Animal Ecology 85:1453-1460. 618 

Scheele, B. C., F. Pasmans, L. F. Skerratt, L. Berger, A. Martel, W. Beukema, A. A. 619 

Acevedo, P. A. Burrowes, T. Carvalho, and A. Catenazzi. 2019. Amphibian fungal 620 

panzootic causes catastrophic and ongoing loss of biodiversity. Science 363:1459-621 

1463. 622 

Scheele, B. C., L. F. Skerratt, L. F. Grogan, D. A. Hunter, N. Clemann, M. McFadden, D. 623 

Newell, C. J. Hoskin, G. R. Gillespie, G. W. Heard, L. Brannelly, A. A. Roberts, and 624 

L. Berger. 2017. After the epidemic: Ongoing declines, stabilizations and recoveries 625 

in amphibians afflicted by chytridiomycosis. Biological Conservation 206:37-46. 626 

Scheffers, B. R., D. P. Edwards, A. Diesmos, S. E. Williams, and T. A. Evans. 2014. 627 

Microhabitats reduce animal's exposure to climate extremes. Global Change Biology 628 

20:495-503. 629 



Frog terrestrial habitat in climate change 

Seibert, J., and B. L. McGlynn. 2007. A new triangular multiple flow direction algorithm for 630 

computing upslope areas from gridded digital elevation models. Water Resources 631 

Research 43. 632 

Semlitsch, R. D., D. E. Scott, J. H. K. Pechmann, and J. W. Gibbons. 1996. Structure and 633 

dynamics of an amphibian community: evidence from a 16-year study of a natural 634 

pond. Pages 217-248  Long-term studies of vertebrate communities. Academic Press, 635 

San Diego. 636 

Shoo, L. P., D. H. Olson, S. K. McMenamin, K. A. Murray, M. Van Sluys, M. A. Donnelly, 637 

D. Stratford, J. Terhivuo, A. Merino-Viteri, S. M. Herbert, P. J. Bishop, P. S. Corn, L. 638 

Dovey, R. A. Griffiths, K. Lowe, M. Mahony, H. McCallum, J. D. Shuker, C. 639 

Simpkins, L. F. Skerratt, S. E. Williams, and J.-M. Hero. 2011. Engineering a future 640 

for amphibians under climate change. Journal of Applied Ecology 48:487-492. 641 

Shorthouse, D. J., D. Iglesias, S. Jeffress, S. Lane, P. Mills, G. Woodbridge, S. McIntyre, and 642 

A. D. Manning. 2012. The ‘making of’ the Mulligans Flat – Goorooyarroo 643 

experimental restoration project. Ecological Management & Restoration 13:112-125. 644 

Stevens, V. M., and M. Baguette. 2008. Importance of habitat quality and landscape 645 

connectivity for the persistence of endangered natterjack toads. Conservation Biology 646 

22:1194-1204. 647 

Stewart, M. M. 1995. Climate driven population fluctuations in rain forest frogs. Journal of 648 

Herpetology 29:437-446. 649 

Stuart, S. N., J. S. Chanson, N. A. Cox, B. E. Young, A. S. Rodrigues, D. L. Fischman, and 650 

R. W. Waller. 2004. Status and trends of amphibian declines and extinctions 651 

worldwide. Science 306:1783-1786. 652 

Sunday, J. M., A. E. Bates, M. R. Kearney, R. K. Colwell, N. K. Dulvy, J. T. Longino, and R. 653 

B. Huey. 2014. Thermal-safety margins and the necessity of thermoregulatory 654 



Frog terrestrial habitat in climate change 

behavior across latitude and elevation. Proceedings of the National Academy of 655 

Sciences 111:5610-5615. 656 

Suppiah, R., K. Hennessy, P. Whetton, K. McInnes, I. Macadam, J. Bathols, J. Ricketts, and 657 

C. Page. 2007. Australian climate change projections derived from simulations 658 

performed for the IPCC 4th Assessment Report. Australian Meteorological Magazine 659 

56:131-152. 660 

Tracy, C. R., K. A. Christian, and C. R. Tracy. 2010. Not just small, wet, and cold: effects of 661 

body size and skin resistance on thermoregulation and arboreality of frogs. Ecology 662 

91:1477-1484. 663 

Valenzuela-Sánchez, A., B. R. Schmidt, C. Pérez, T. Altamirano, V. Toledo, Í. Pérez, S. 664 

Teillier, A. A. Cunningham, and C. Soto-Azat. 2019. Assessing habitat quality when 665 

forest attributes have opposing effects on abundance and detectability: A case study 666 

on Darwin’s frogs. Forest Ecology and Management 432:942-948. 667 

Wake, D. B., and V. T. Vredenburg. 2008. Are we in the midst of the sixth mass extinction? 668 

A view from the world of amphibians. Proceedings of the National Academy of 669 

Sciences 105:11466-11473. 670 

Warnes, G. R., B. Bolker, and T. Lumley. 2018. gtools: Various R Programming Tools. 671 

Wellborn, G. A., D. K. Skelly, and E. E. Werner. 1996. Mechanisms creating community 672 

structure across a freshwater habitat gradient. Annual Review of Ecology and 673 

Systematics 27:337-363. 674 

Welsh, A. H. 2011. Aspects of statistical inference. John Wiley & Sons. 675 

Werner, E. E., and M. A. McPeek. 1994. Direct and indirect effects of predators on two 676 

anuran species along an environmental gradient. Ecology 75:1368-1382. 677 



Frog terrestrial habitat in climate change 

Westgate, M. J., C. MacGregor, B. C. Scheele, D. A. Driscoll, and D. B. Lindenmayer. 2018. 678 

Effects of time since fire on frog occurrence are altered by isolation, vegetation and 679 

fire frequency gradients. Diversity and Distributions 24:82-91. 680 

Westgate, M. J., B. C. Scheele, K. Ikin, A. M. Hoefer, R. M. Beaty, M. Evans, W. Osborne, 681 

D. Hunter, L. Rayner, and D. A. Driscoll. 2015. Citizen science program shows urban 682 

areas have lower occurrence of frog species, but not accelerated declines. Plos One 683 

10:e0140973. 684 

Wickham, H. 2009. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New 685 

York. 686 

Wickham, H. 2011. The split-apply-combine strategy for data analysis. Journal of Statistical 687 

Software 40:1-29. 688 

Wickham, H. 2018. Forcats: Tools for working with categorical variables (factors). 689 

Wood, S. N. 2017. Generalized additive models: an introduction with R. Chapman and 690 

Hall/CRC. 691 

 692 
 693 



Frog terrestrial habitat in climate change 

Table 1. Predictor variables used in analyses. All continuous variables were rescaled before analyses (mean = 0, SD = 1) except where 694 
stated. Q1, Q2 and Q3 columns signify in which questions the variables were analysed. 695 

696 Name Description Category Q1 Q2 Q3 Variation Type Details 
Time Year of survey. Time    Temporal Continuous Year of survey. 

2007 to 2018 inclusive. 
Rescaled for some analyses. 

Maximum 
temperature 

Mean maximum daily 
temperature. 

Climate    Temporal Continuous One value per year. 
Mean = 20.80°C, Min = 19.93°C, Max = 
21.73°C. 

Minimum 
temperature 

Mean minimum daily 
temperature. 

Climate    Temporal Continuous One value per year. 
Mean = 7.12°C, Min = 5.96°C, Max = 7.92°C. 

Rain Mean daily rainfall for 4 
preceding months (Jan-April). 

Climate    Temporal Continuous One value per year. 
Mean = 1.88mm, Min = 1.16mm, Max = 
3.85mm. 

CWD addition Addition of coarse woody 
debris to 72 of 96 sites. 

Terrestrial 
(Restoration 
experiment) 

   Spatial Factor Four levels: 
1. Control 
2. Clumped (20 tonnes/site) 
3. Dispersed (20 tonnes/site) 
4. Combined (40 tonnes/site) 

Grazing 
reduction 

Polygons with kangaroos 
exclosures to reduce grazing 
pressure. 

Terrestrial 
(Restoration 
experiment) 

   Spatial Factor Two levels: 
1. High grazing 
2. Low grazing (kangaroo exclusion) 

Veg class Categories of vegetation class 
to represent vegetation 
densities in each polygon. 

Terrestrial 
(Environmental 
variation) 

   Spatial Factor Four levels: 
1. High tree, high shrub 
2. High tree, low shrub 
3. Low tree, low shrub 
4. Low tree, high shrub 

Distance to 
water 

Distance to nearest large water 
body. 

Terrestrial 
(Environmental 
variation) 

   Spatial Continuous One value per site. 
Mean = 281.79m, Min = 22.80m, Max = 
646.47m 

Site wetness Topographical wetness index 
(site level). 

Terrestrial 
(Environmental 
variation) 

   Spatial Continuous One value of mean TWI per site.  

Surrounding 
wetness 

Topographical wetness index 
(within 200m buffer of site). 

Terrestrial 
(Environmental 
variation) 

   Spatial Continuous One value of mean surrounding TWI per site.  
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Table 2. Species of frogs detected during the experiment. Unbracketed numbers 697 
represent abundances and numbers in brackets represent occupancies of that species 698 
per site per year. 699 

Species Mulligans Flat Goorooyarroo 
Limnodynastes tasmaniensis 412 (142) 147 (70) 
Uperoleia laevigata 212 (85) 140 (80) 
Crinia signifera 59 (27) 18 (12) 
Litoria peronii 13 (12) 16 (12) 
Crinia parinsignifera 27 (14) 3 (3) 
Litoria verreauxii 9 (8) 2 (2) 
Limnodynastes peronii 0 (0) 1 (1) 
Total 732 327 

 700 

  701 
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 702 

Fig. 1. Map of the Mulligans Flat and Goorooyarroo Nature Reserve study areas (c) and 703 
their location in the Australian Capital Territory (b) in Australia (a). 704 
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 706 

Fig 2. Predicted changes of species richness and species occupancy through time in both 707 
reserves. Y axes represent predicted species richness (top row) and probability of 708 
occurrence (middle and bottom rows). Predictions from GAMMs (blue) and GLMMs 709 
(yellow). Bands represent standard errors. P values represent the significance of the fits 710 
(< 0.05). Note the different scales on the y-axis. See Fig. S2 for effect size plots of the 711 
GLMMs.  712 
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 714 

Fig. 3. Model-averaged coefficients (effect sizes) for all models below ΔAICc = 5 of all 715 
subsets of the following: Response ~ time + maximum temperature + minimum 716 
temperature + (random effects). All continuous variables were scaled to enable direct 717 
comparisons. Shaded symbols represent significant effects. Error bars represent 95% 718 
CIs. 719 
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Fig. 4. Model-averaged model coefficients (effect sizes) for all models below ΔAICc = 5 722 
of the top model of all subsets of the following model: Response ~ time*CWD addition + 723 
rainfall*CWD addition + maximum temperature*CWD addition + minimum 724 
temperature*CWD addition + (random effects). All continuous variables were scaled to 725 
enable direct comparisons. Coloured points represent significant effects. Error bars 726 
represent 95% CIs. Effect sizes of time, maximum temperature, minimum temperature 727 
and rainfall can be seen in Fig. S3. Interactive effect sizes were not significant so have 728 
been omitted from the figure (see Fig. S3).  729 
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Fig. 5. Predicted trend plots for grazing treatment interactive variables that were 731 
significant in the model selection procedure. See Fig. S4 for model-averaged model 732 
coefficients (effect sizes) for all models within ΔAICc = 5 of the top model of all subsets 733 
of the following model: Response ~ time*reduced grazing + rainfall*reduced grazing + 734 
maximum temperature*reduced grazing + minimum temperature*reduced grazing + 735 
(random effects). Shaded error bands represent standard errors. 736 
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 738 

Fig. 6. Predicted trend plots for vegetation class interactive variables that were 739 
significant in the model selection procedure. See Fig. S5 model-averaged model 740 
coefficients (effect sizes) for all models within ΔAICc = 5 of the top model of all subsets 741 
of the following model: Response ~ time*veg class + rainfall*veg class + maximum 742 
temperature*veg class + minimum temperature*veg class + (random effects). Shaded 743 
error bands represent standard errors. 744 
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 747 

Fig. 7. Predicted trend plots for distance to water variables that were significant in the 748 
model selection procedure. See Fig. S6 for model-averaged model coefficients (effect 749 
sizes) for all models within ΔAICc = 5 of the top model of all subsets of the following 750 
model: Response ~ time*distance to water + rainfall* distance to water + maximum 751 
temperature* distance to water + minimum temperature* distance to water + (random 752 
effects). Shaded error bands represent standard errors. 753 
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 757 

Fig. 8. Predicted surface plots for TWI treatment interactive variables that were 758 
significant in the model selection procedure. See Fig. S7 for model-averaged model 759 
coefficients (effect sizes) for all models below ΔAICc = 5 of the top model of all subsets 760 
of the following model: Response ~ time*site wetness + rainfall*site wetness + maximum 761 
temperature*site wetness + minimum temperature*site wetness + time*surrounding 762 
wetness + rainfall*surrounding wetness + maximum temperature*surrounding wetness + 763 
minimum temperature*surrounding wetness + (random effects). White areas on the plot 764 
represent where the predicted values were not significant (p>0.05).    765 
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